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Summary
Understanding the basis of communicationwithin pro-
tein domains is a major challenge in structural biol-
ogy. We present structural and dynamical evidence
for allosteric effects in a PDZ domain, PDZ2 from the
tyrosinephosphatasePTP-BL, uponbinding toa target
peptide. The NMR structures of its free and peptide-
bound states differ in the orientation of helix a2 with
respect to the remainder of the molecule, concomitant
with a readjustment of the hydrophobic core. Using an
ultrafast mixing instrument, we detected a deviation
from simple bimolecular kinetics for the association
with peptide that is consistent with a rate-limiting con-
formational change in the protein (kobsw7 3 10
3 s21)
and an induced-fit model. Furthermore, the binding ki-
netics of 15 mutants revealed that binding is regulated
by long-range interactions, which can be correlated
with the structural rearrangements resulting from pep-
tide binding. The homologous protein PSD-95 PDZ3
did not display a similar ligand-induced conforma-
tional change.
Introduction
The association of proteins and ligands is paramount to
all biological processes, and binding mechanisms range
from a simple lock and key to complex cooperative reac-
tions (Fischer, 1894; Monod et al., 1965). In the case of
allosteric systems, proteins propagate signals from
one site to other functionally relevant, but physically dis-
tinct, sites. Although allostery is classically associated
with multimeric proteins and enzymes, long-range com-
*Correspondence: g.vuister@science.ru.nl (G.W.V.), Per.Jemth@
imbim.uu.se (P.J.)munication is a general property of proteins, including
small single-domain proteins (Gunasekaran et al., 2004;
Volkman et al., 2001).
PDZ domains constitute the most abundant protein
interaction module in mammals (van Ham and Hendriks,
2003). They function as adapters by mediating interac-
tions between proteins involved in signal transmission
pathways and scaffolding (Hung and Sheng, 2002;
Kim and Sheng, 2004), recognizing short amino acid
sequences typically located at the carboxyl termini of
polypeptide chains but sometimes present as internal
sequence motifs (Hillier et al., 1999). PDZ domains adopt
a compact globular fold, composed of six b strands and
two a helices; the six b strands form two antiparallel
b sheets stacked onto each other (Figure 1). The canon-
ical peptide-binding site is located between helix a2 and
strand b2.
Several studies have highlighted the presence of in-
teraction networks within single-domain proteins, which
may be crucial for allostery, stability, and folding (Lock-
less and Ranganathan, 1999; Macias et al., 2000; Soco-
lich et al., 2005; Suel et al., 2003), often occurring with
minimal structural changes (Di Cera, 2004). Based on
analysis of sequence conservation, PDZ domains were
also proposed to contain energetically coupled posi-
tions between residues located in the binding site and
elsewhere, forming a long-range interaction network
(Lockless and Ranganathan, 1999). The biological rele-
vance of long-range allosteric effects in PDZ domains
has recently attracted considerable attention (Peterson
et al., 2004; Schlieker et al., 2004; Swain and Gierasch,
2006). For example, the PDZ domain of the cell polarity
protein Par6 was shown to be allosterically regulated
by its adjacent Crib domain in response to binding of
CdC42 (Peterson et al., 2004). Structural analysis
showed the b1-a1 interface of the Par6 PDZ domain to
be in direct contact with the Crib domain and responsi-
ble for transmission to the structurally distinct peptide-
binding pocket.
In this paper, we present work on the second PDZ do-
main of murine tyrosine phosphatase PTP-BL (subse-
quently referred to as PDZ2) and the third PDZ domain
of PSD-95 (referred to as PDZ3). Both PDZ2 and PDZ3
recognize C termini of proteins with so-called class I mo-
tifs (-X-S/T-X-F, where X is any residue andF is a hydro-
phobic residue; see Hung and Sheng, 2002), and pep-
tides corresponding to such C termini were used in the
present study: RA-GEF-2 (Gao et al., 2001), tumor sup-
pressor protein APC (Erdmann et al., 2000), and CRIPT
(Niethammer et al., 1998). There are several potential li-
gands for both PDZ2 and PDZ3 in vivo, but PDZ2 seems
to be involved in signal transduction (Erdmann et al.,
2000; Saras et al., 1997), whereas PDZ3 is involved in
synapse scaffolding (Kim and Sheng, 2004). The bind-
ing mechanisms for PDZ2 and PDZ3 showed simple
bimolecular behavior in the millisecond time range,
as assessed by stopped-flow experiments (Gianni
et al., 2005b). However, fast conformational changes
(>500 s21) would have escaped detection. Here, we un-
veil the molecular details of long-range communication
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1802Figure 1. Structures of PDZ Domains
(A) Overlay of the ensemble of 35 NMR-de-
rived structures of the PDZ2-peptide com-
plex colored as a rainbow ramp ranging
from blue (N terminus) to red (C terminus).
The peptide is shown in stick representation.
For clarity, only the last five C-terminal resi-
dues of the peptide are displayed.
(B) Superposition of the structures of PDZ2 in
the free (green, helix a2 in pink, PDB code
1GM1) and complexed (blue, helix a2 in
cyan, peptide in red) states.
(C) Superposition between the structures of
PDZ3 in the free and complexed states
(PDB codes 1BFE and 1BE9, respectively).
Color coding as in (B).in PDZ domains. First, by using NMR, we found subtle but
significant structural and dynamical changes in PDZ2,
induced by binding of the target peptide. Second, by us-
ing an ultrarapid continuous-flow mixing apparatus, we
detected a rate-limiting step for the association reaction
that is consistent with a conformational change in PDZ2.
Third, we explored the details of complex formation by
analyzing the binding kinetics of 15 site-directed mu-
tants of PDZ2. Finally, in order to validate our experimen-
tal results, we compared the binding properties of
PDZ2 with those of the homologous PDZ3, which did
not display ligand-induced conformational changes.
Results
The NMR Structure of Peptide-Bound PDZ2
Using high-resolution NMR spectroscopy, we deter-
mined the solution structure of PDZ2 in complex with
the ten C-terminal residues of the APC protein. The
NMR ensemble of 35 structures is reported in Figure 1
(PDB code: 1VJ6), and its structural statistics are listed
in Table 1. The APC peptide binds the PDZ2 domain in
the canonical antiparallel fashion characteristic of PDZ
domains. The conformation of the carboxylate-binding
loop enables the amides of L25, G26, and I27 to encircle
and stabilize the charge of the carboxylate terminus of
the ligand. The decrease in their amide nitrogen shifts
implies the formation of hydrogen-bonding interactions.
The C-terminal peptide P0 valine engages into hydro-
phobic contacts with L85 and V82. The P23 valine packs
into a second hydrophobic pocket on the b2/b3 face
formed by T30 and the aliphatic part of the side chain
of K45 as well as A46 to a lesser extend. Finally, the ca-
nonical interaction between the first residue of the a2
helix, H78, is observed for its side chain N32 with the
hydroxyl group of the threonine P22 residue, which
may explain the previously observed pH dependence
of ligand affinity (Gianni et al., 2005b).
The structural ensemble of the PDZ2-APC complex
differs from that of the ligand free PDZ2 structure (PDB
code 1GM1) (Walma et al., 2002), with several binding-
dependent structural changes. A structural superimpo-
sition between bound and free PDZ2 reveals a change
in the orientation of a2 byw10 relative to the b2, from
28 6 3 in the free domain to 38 6 2 in the complex
(Figure 1B). While the overall position of the L1 loop is
shifted, its shape is not significantly altered by the pres-
ence of the ligand: the hydrophobic contacts betweenV37 and Y43, which are also evident in the free PDZ2
structure (Walma et al., 2002), still define the shape of
the loop in the complex. However, L1 loop residues
N34 and T35 show increased conformational variability
when compared to the unliganded structure.
In order to assess the significance of the observed
structural changes, we also calculated a Ca-Ca distance
difference plot from the ensembles of the free and com-
plexed PDZ domain (Figure S1 available with this article
online). Since this analysis does not depend on a struc-
tural superposition, it easily reveals regions experienc-
ing significant changes. The figure clearly indicates a
pattern of distinct structural changes throughout the
Table 1. Structural Statistics for the PDZ2-APC Complex
Structural Statistics
PDZ2-APC
Complex
Restraint information
Distance restraints (intra/sequential/
medium/long/inter)
1470 (529/323/
166/378/74)
Hydrogen-bonding restraints 28
Dihedral angle restraints (phi/psi/chi) 154 (69/72/13)
Average rms deviation from experimental
restraints
Distance restraints (A˚) 0.046 6 0.002
Dihedral angle restraints () 0.384 6 0.095
Pairwise Cartesian rms deviation (A˚)
Global backbone heavy atoms 0.77 6 0.14
Global all heavy atoms 1.63 6 0.22
Ramachandran quality parameters (%)a
Residues in most favored regions 79.5
Residues in additionally allowed regions 18.6
Residues in generously allowed regions 1.5
Residues in disallowed regions 0.4
Rms Z Scoresb
Bond lengths 1.002
Bond angles 1.218
Omega angle restraints 1.504
Side chain planarity 1.168
Improper dihedral distribution 0.891
Inside/outside Distribution 1.075
Z Scoresb
Second-generation packing quality 24.376
Ramachandran plot appearance 23.081
Chi-1/Chi-2 rotamer normality 22.507
Backbone conformation 22.645
a Residues 9–34 and 42–101, values from PROCHECK_NMR.
b Values based on WHAT-CHECK reports, which are available for
every structure deposited in the Protein Data Bank.
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(A) Changes (complex-free) in the Modelfree-derived relaxation parameters S2, te, and Rex, plotted as function of residue number. Secondary
structural elements are displayed as arrows (b sheet) and boxes (a helices) at the top of the panel. Transparent gray bars indicate PDZ2 residues
in proximity of the APC peptide. Transparent pink bar indicates the flexible loop connecting sheet b2 and b3. Error bars are calculated from the
estimated errors in the individual Modelfree parameters by standard-error propagation rules.
(B) Ribbon representation of the PDZ2-APC complex color coded according to DS2 with a red to blue ramp. Blue colors indicate DS2 > 0, i.e.,
decreased mobility in the complex, whereas red colors indicate DS2 < 0, i.e., increased mobility in the complex.molecule. Notably, the b1-b2 binding loop is displaced
with respect to b2, b3, b4, and a2. Residues at the N-ter-
minal end of b3 are displaced relative to residues just
prior and following helix a2, consistent with the change
in helical orientation.
The hydrophobic core of PDZ2 is almost entirely com-
posed of methyl group containing aliphatic residues,
such as L25 and I27 in the carboxylate binding loop,
V29 in b2, A53 and I59 in a1, V65 and V68 in b4, V82
and L85 in a2, as well as V92 in b6. Of these, L25 and
I27 display less structural variability in their bound state,
as exemplified by a decrease in their angular order pa-
rameters, whereas V65 is less ordered. However, none
of these crucial residues changes their backbone c1 or
c2 angles to different rotameric states.
In order to assess changes in dynamical behavior re-
sulting from ligand binding, we also recorded {15N-1H}-
NOE, 15N-T1r and
15N-T1 relaxation experiments and
compared the model-free analysis of the resulting data
to those obtained for the free PDZ2 domain (Figure 2A).
Significant changes are observed for the Rex terms, typ-
ically indicative of slow (microsecond to millisecond)
motions, involving residues G31, V33, N34, and V37 in
the large Loop L1, as well as G26/R86 at the base of
the binding pocket. Changes in the generalized order pa-
rameter S2 are best appreciated when mapped onto the
structure (Figure 2B). Overall, the data show that the
binding pocket becomes somewhat more rigid (blue)
and that the protein appears to compensate by loosen-
ing the remainder of the molecule (red). Surprisingly,
G26, whose amide is directly involved in coordinating
theC-terminal carboxygroupof thepeptide,showsasig-
nificantly decreased S2. In contrast, T77 at the N-terminal
end of a2 rigidifies as indicated by its increased S2 value.
Detection of a First-Order Step in the Binding
Mechanism
Under pseudo-first-order conditions, in the millisecond
time range, both PDZ2 and PDZ3 displayed a linear de-
pendence of the observed rate constant, kobs, on protein
concentration consistent with a simple bimolecularmechanism (Gianni et al., 2005b). Due to limitations of
the stopped-flow technique (dead time w1–2 ms) we
could not explore the faster time range (>500 s21).
Here, using a home-made ultrarapid mixing apparatus
(dead time w50 ms; see Experimental Procedures), we
extend the analysis into the submillisecond regime. In
all cases, the time courses for binding of the PDZ do-
mains to their respective peptide, as monitored by Fo¨r-
ster resonance energy transfer between protein and
peptide, were satisfactorily fitted to a single exponential
decay at any final protein concentration (Figures 3A and
3B). Furthermore, the time-zero fluorescence level was
independent of protein concentration, suggesting the
absence of detectable burst-phase binding events. In
the case of PDZ2, its binding kinetics was further inves-
tigated by varying the peptide concentration at a con-
stant protein concentration of 5 mM, under otherwise
identical conditions. A plot of kobs as a function of pro-
tein (or peptide) concentration for PDZ2 and PDZ3 is re-
ported in Figure 3C. The observed kinetics for binding
of the peptide to PDZ3 is satisfactorily described by a
linear function, although there is a slight deviation from
linearity. Thus, at higher concentration of PDZ3, there
may be a significant curvature, but we could not go
higher in concentration in this experimental setup. Inter-
estingly, in the case of PDZ2, the data deviate clearly
from a straight line at high protein or peptide concentra-
tions. Consistent with the observed ligand-induced
conformational change in PDZ2, the hyperbolic depen-
dence of kobs is indicative of a two-step binding mecha-
nism (Fersht, 1999; Olson et al., 1981). A monomeric
protein undergoing a ligand induced conformational
change (denoted by *) can be described by Scheme 1:
where P denotes the peptide ligand.
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The binding of peptide to PDZ2 (A) and PDZ3 (B) was followed by the increase in fluorescence >435 nm by the continuous-flow technique.
Different traces correspond to different concentrations of PDZ (15–500 mM). (C) Dependence of the pseudo-first-order rate constant for complex
formation on the concentration of PDZ2 (black circles) and PDZ3 (squares). Data obtained at constant (PDZ2) (5 mM) as a function of peptide
concentration are displayed as red circles. Concentration dependence of the rate constants for PDZ2 was fitted to a hyperbolic function (dashed
line).A binding event progressing through pathways 1 and 2
is representative of an induced-fit model, whereby ligand
binding induces a conformational change (Koshland
et al., 1966). Alternatively, a binding event progressing
through pathways 3 and 4 assumes that two alternative
conformations are in pre-equilibrium in the absence of
the ligand, formally similar to a concerted model (Monod
et al., 1965; Tobi and Bahar, 2005). Both mechanisms
may be consistent with a nonlinear dependence of ob-
served rate constant when the experiments are per-
formed by varying the concentration of P. In fact, as the
concentration of P approaches infinity, the observed
rate constant approaches a limiting value characteristic
of the unimolecular step (w7$103 s21 for PDZ2). How-
ever, if a concerted mechanism is applied, an approxi-
mately linear dependence of observed rate constant on
PDZconcentration should be measured if the concentra-
tion of P is held constant (Olson et al., 1981). In the case
of PDZ2, we clearly detected a hyperbolic rate-constant
dependence on both PDZ and peptide concentration.
Hence, we conclude that the induced-fit model de-
scribes the association of PDZ2 to its binding partner.
Since only single-exponential time courses were de-
tected without any evident burst phase (Figure 3), the
results are consistent with the induced-fit model only if
the PDZ-P reaction intermediate displays less than
w50% of the FRET efficiency observed for the PDZ*-P
reaction product (kinetic simulations not shown).
In a two-step reaction scheme (pathways 1 and 2), the
observed kinetics is governed by the two apparent rate
constants l1 and l2. In theory, when and if the pseudo-
first-order approximation can be applied, the measured
rate constants as a function of reactant concentration
should be globally fitted to the two roots of a quadratic
equation. In many cases, including the association of
PDZ2 to its binding partner, only one rate constant can
be observed experimentally, which jeopardizes such a
curve fitting procedure. In order to assess quantitatively
the binding properties of PDZ2, we measured the overall
dissociation rate constant for the PDZ*-P complex by
employing a chase experiment (data not shown). By
mixing the protein with two types of peptide ligands,
one spectroscopically labeled (containing dansyl at itsN terminus and preincubated with PDZ2) and a second
unlabeled, we were able to measure directly the appar-
ent dissociation rate constant koff
app for the PDZ*-P
complex (koff
app = 2706 20 s21). Importantly, by assum-
ing the value of koff
app as a lower limit for the reverse re-
actions of pathways 1 and 2, together with the observa-
tion that thePDZ*-P is a lower energy species compared
to the PDZ-P reaction intermediate, it is possible to con-
clude that the PDZ-P intermediate is in a fast pre-equi-
librium with the free species at any concentration of
PDZ orP. By employing the pre-equilibrium assumption,
it can be derived that the binding of PDZ2 to its ligand
peptide involves the formation of a relatively weak
complex (KD
1 w200 mM), which thereafter undergoes
an energetically favorable conformational change (DG
w1.3–2 kcal mol21).
The Effect of Mutations on Binding Kinetics
A powerful approach to elucidate the details of a molec-
ular transition is to study the effect of site-directed mu-
tations on reaction kinetics. We have determined the
association and dissociation rate constants of 15 site-
directed mutants of PDZ2 by stopped-flow fluorimetry
(Table 2) (Figure 4). Since the purpose was to probe
Table 2. Binding Parameters of Wild-Type PDZ2 and Mutants
Mutant kon (mM
21 s21) koff (s
21) KD (mM)
pWT43 PDZ2 5.3 6 0.2 43 6 3 8
L18A 3.0 6 0.1 24 6 1 8
L25A 2.5 6 0.1 78 6 2 31
I27V 4.6 6 0.5 52 6 9 11
V29A 5.6 6 0.5 86 6 9 15
T35G 1.7 6 0.5 155 6 10 91
V44A 1.9 6 0.2 40 6 3 21
A46G 4.3 6 0.2 29 6 4 21
A52G 2.7 6 0.3 41 6 3 15
A53G 3.8 6 0.5 62 6 4 16
I59V 3.5 6 0.3 49 6 5 14
V65A 2.4 6 0.2 34 6 3 14
L66A 3.6 6 0.3 47 6 4 13
V68A 2.2 6 0.1 25 6 1 11
A81G 5.8 6 0.4 75 6 6 12
V92A 3.2 6 0.2 39 6 4 12
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Stopped-flow data on representative mutants of PDZ domains. Mutants were classified into three categories: those primarily altering the asso-
ciation rate constant (A), the dissociation rate constant (B), or both (C). See Table 2 for rate constants. (D) Effect of mutagenesis on binding. PDZ2
is shown in ribbon representation (gray); residues affected by mutagenesis in space-filling representation. Blue-colored residues primarily alter
the association rate constant, salmon-colored residues affect the dissociation rate constant, whereas magenta-colored residues affect both rate
constants. The P23-P0 residues of the APC-peptide are also shown in red by using stick representation.conformational changes upon complex formation, our
strategy was to alter the relative stability of PDZ2 by mu-
tagenesis at different positions without changing the
residues directly involved in the PDZ-peptide interac-
tions. Following this approach, we selected 14 positions
distributed throughout the whole hydrophobic core of
PDZ2 and introduced conservative mutations (i.e., de-
leting one ore more methyl groups without altering the
stereochemistry of the selected residue, L/A, I/V,
V/A, A/G). Furthermore, the T35G mutant was specif-
ically designed to further test the previously observed al-
tered Rex terms for this region, indicative of the changed
dynamical behavior upon ligand binding (Walma et al.,
2002). None of the deleted side chains engage directly
in interactions with the ligand, but the backbone atoms
of the L25A, I27V, and V29A mutants are involved in hy-
drogen-bonding interactions with the peptide. In spite
of this, many PDZ2 mutants displayed changes in either
the association or the dissociation rate constants, orboth, for different mutants. Strikingly, most of the af-
fected residues form an extended, interconnected net-
work of hydrophobic interactions in the core of the
PDZ2 domain. Taken together, these results indicate
that long-range intramolecular interactions may tune
the binding properties of PDZ2. In order to establish if
this phenomenon is an intrinsic property of all PDZ do-
mains, we also examined the effect of four representative
mutations in PDZ3. In contrast to PDZ2, these mutations
had little effect on the rate constants for the PDZ3-pep-
tide binding reaction (Table 3).
Discussion
The architecture of proteins is predisposed toward the
development of highly complex regulatory mechanisms,
involving long-range interactions between responsive
protein elements. This predisposition may not be evi-
dent from examination of crystal or NMR structures
Structure
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therefore remains a major challenge in structural biology.
One useful approach is to take advantage of sequence
conservation of the residues important for function or
stability, as suggested by Lockless and Ranganathan
for the PDZ domain family (Lockless and Ranganathan,
1999). Another strategy, followed in this study, is to ex-
perimentally dissect the molecular details of the struc-
tural changes upon binding to their targets.
The NMR structure of PDZ2 bound to a target peptide
shows that the C terminus of the peptide interacts in
the canonical PDZ mode, employing b sheet augmenta-
tion in the b2-a2 interface (Figure 1A). A structural super-
imposition between bound and free PDZ2 (Figure 1B)
reveals subtle but detectable ligand-induced conforma-
tional changes, primarily involving the interface between
the a2 helix and the b2 strand, the L1 loop and the hydro-
phobic core of the protein. Reorientation of helix a2 ap-
pears to be a general mechanism for plasticity and pep-
tide selection of PDZ domains. For PDZ2, an alternatively
spliced variant also resulted in reorientation of this helix,
thus inhibiting target peptide binding by alteration of the
P0-binding pocket (Walma et al., 2004). In case of the
second PDZ domain of Syntenin, reorientation of helix
a2 correlated with the size of the P0 residue of the target
peptides (Grembecka et al., 2006; Kang et al., 2003). In
contrast to PDZ2, similar conformational changes were
not observed when comparing the bound and free struc-
tures of the homologous PDZ3 domain (Doyle et al.,
1996) (Figure 1C).
By systematically mutating side chains while measur-
ing their effect on the kinetics of complex formation, it
is possible to map out the interaction patterns in the
transition state (Fersht et al., 1992). We classify the mu-
tations of PDZ2 into three major categories: those pri-
marily altering (1) the association rate constant, (2) the
dissociation rate constant, or (3) both. A color-coded
representation of mutant kinetics mapped on the struc-
ture of PDZ2 is shown in Figure 4D. To a first approxima-
tion, mutations that destabilize the binding transition
state (i.e., slowing down the association rate constant)
reflect contacts that are formed at the top of the transi-
tion barrier. On the other hand, mutations that mainly
affect the dissociation rate constant primarily perturb in-
teractions forming in the late stages of the binding reac-
tion. Overall, it appears that binding of PDZ2 to its ligand
peptide involves the formation of a relatively weak com-
plex that subsequently undergoes a favorable confor-
mational change (induced-fit). The early events of such
a conformational change are mainly driven by a minor
but detectable rearrangement of the hydrophobic
core, as shown by several mutants with altered associ-
ation rate constant. Conformational changes are char-
Table 3. Binding Parameters of Wild-Type PDZ3 and Mutants
Mutant kon (mM
21 s21) koff (s
21) KD (mM)
Corresponding
PDZ2 Mutation
pWT PDZ3
F337W
6.4 6 0.2 6.4 6 0.3 1 Y43W
I316A 5.8 6 0.1 4.1 6 0.2 0.7 L18A
I338A 5.7 6 0.1 4.9 6 0.2 0.9 V44A
V362A 6.1 6 0.1 3.9 6 0.2 0.6 V68A
V386A 6.4 6 0.1 3.0 6 0.1 0.5 V92Aacterized by an alteration of the L1 loop (both associa-
tion and dissociation rate constants being affected by
mutations) and concluded by the ordering of the binding
pocket, as exemplified by the rearrangement of helix a2.
Indeed, the estimated change in stability between PDZ-
P and PDZ*-P of w1.3–2 kcal mol21 may be consistent
with the final locking of the local interactions between
the peptide ligand and the P0 and P23 binding pockets.
Both theoretical (Dima and Thirumalai, 2006; Lockless
and Ranganathan, 1999) and experimental studies
(Fuentes et al., 2004; Grembecka et al., 2006; Peterson
et al., 2004) have indicated the ability of PDZ domains
to undergo conformational changes and exert allosteric
signal transmission. However, in spite of these studies,
the underlying physical mechanism of coupling is at
present unknown. Anisotropic thermal diffusion calcula-
tions (Dima and Thirumalai, 2006) suggest that van der
Waals interactions may provide the main pathway for
coupling between distant sites. The PDZ2 hydrophobic
core is almost exclusively composed of aliphatic resi-
dues, and several distinct interaction pathways can be
identified that connect distant sites within the protein.
V92 and L94 in b6 are directly coupled to the ligand-
binding site through methyl-methyl contacts with L25
or L85. L25 is directly involved in coordinating the car-
boxyl group of the peptide and displays one of the larg-
est changes in binding kinetics upon mutation, whereas
the L85 is part of the hydrophobic pocket for the P0 pep-
tide residue and rigidifies upon binding. V92 further re-
lays the interaction to V68 and V65 in b4. Interestingly,
the V92–V68 Ca-Ca distance becomes 1.5 A˚ shorter
upon formation of the complex (Figure S1). A second in-
teractions pattern originates from the Cgmethyl group of
I27 that connects to V44 in strand b3. The I27–V44 Ca-Ca
distance becomes 1.1 A˚ shorter upon complex forma-
tion. The Cg methyl group of I27 also contacts A53 in
a2 and onward to I59, just following this helix. Rear-
rangements in the latter region forces R58 away from
most other residues as indicated by its exclusive length-
ening of distances (cf. Figure S1). Strikingly, the effect of
mutations on the binding kinetics is very similar for A53
and I59, in agreement with a common pathway. The I27V
mutation displays relatively little effect, which can be
easily rationalized by the structural similarity between
a valine side chain and the Cg methyl group of I27. It is
interesting to note that the allosteric effect observed
for Par6 involves the a1 interface (Peterson et al.,
2004), i.e., the same region engaged in allosteric effects
for PDZ2 (G.W.V. and L. van den Berk, unpublished
data). Finally, the large effects observed for the T35G
mutation, located in the large L1 loop, can be reconciled
with the previously observed altered Rex terms for this
region, indicative of the changed dynamical behavior
upon ligand binding (Walma et al., 2002).
Mutations that strongly affect the binding kinetics of
the PDZ2 domain show little effect when tested on struc-
turally similar positions in PDZ3. This raises a question
about the underlying cause of this different behavior.
PDZ2 and PDZ3 display 34% sequence identity and
24% sequence similarity. However, almost all of the cru-
cial core residues outlined above are identical, with one
notable exception: PDZ3 contains an aromatic phenylal-
anine residue (F325) at the structurally equivalent posi-
tion of I27. The PDZ2 network entirely consists of
Long-Range Interactions in a PDZ Domain
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likely this is well suited for the energetic coupling re-
quired for transmission of events from one site to an-
other. For PDZ3, evidence for the importance of the
region structurally equivalent to I27 was also under-
scored by the results of anisotropic thermal diffusion
simulations (Ota and Agard, 2005). These simulations
showed this part of the molecule to be crucial in the
transmission of energy from H372 to the backface of
a2. Hence, at this stage, it is tempting to speculate
that the nonconservative Ile to Phe substitution is the
root cause of the differences between the PDZ2 and
PDZ3 domains.
Conclusions
Understanding the fundamental basis of long-range
communication represents a major challenge in struc-
tural biology. Here, we tackled this problem by compar-
ing the binding properties of two different members of
the PDZ domain family. PDZ2 and PDZ3 may be consid-
ered as two extreme paradigms of flexibility within such
a family, displaying clearly different kinetic and struc-
tural behavior. The differences in PDZ2 and PDZ3 sug-
gest that allostery may not be intrinsic to the PDZ fold,
but that the interaction networks may be functionally
exploited only in some cases. Indeed, this observation
parallels recent findings on the folding of the homeodo-
main-like proteins (Gianni et al., 2003), whereby a given
topology is consistent with different folding mecha-
nisms for different members of the same family—protein
folding probably being the most extreme example of a
conformational change. Finally, the synergy between
NMR spectroscopy, protein engineering, and super-
rapid kinetic experiments unveiled the structural details
of the conformational changes that accompany ligand
binding in a PDZ domain.
Experimental Procedures
All reagents were of analytical grade. Site-directed mutants were
produced with a QuikChange Site-Directed Mutagenesis Kit (Strata-
gene). PDZ2 and PDZ3 were expressed and purified as previously
described (Gianni et al., 2005a, 2005b; Walma et al., 2002).
NMR
Uniformly 15N/13C-labeled PDZ2 samples were prepared with
15NH4Cl and
13C-glucose as sole nitrogen and carbon sources.
NMR samples contained w1 mM dissolved protein in a buffer of
50 mM KH2PO4/K2HPO4, 50 mM KCl (pH 6.8), H2O/D2O (95%/5%)
by using Complete protease inhibitor and trace NaN3 as preserva-
tive. The APC C-terminal peptide (HSGSYLVTSV*) was ordered
from Ansynth Service BV (Roosendaal, The Netherlands) and con-
tained an N-terminal biotin group and a C-terminal carboxyl group
(denoted by the asterisk). The peptide was added to >3.2 equiva-
lents in individual 1 mM 15N/13C protein samples. All NMR experi-
ments were carried out at 25C on Varian Unity Inova spectrometers
operating at 600 or 800 MHz. The sequential assignment was com-
pleted by standard procedures. Interatomic contacts with the pep-
tide were assigned from alignment with other complexes, proton
chemical shifts, and comparison with the free PDZ2 NOESY spec-
tra. The distance restraints for the PDZ2-peptide complex were
obtained from 3D 13C-NOESY-HSQC (100 ms mixing time) and
15N NOESY-HSQC (80 ms mixing time). The data were processed
with the NMRPipe suite (Delaglio et al., 1995) and analyzed with
XEASY (Bartels et al., 1995).
The T1, T1r, and {
1H-15N}-NOE relaxation data were recorded at
14.1 T, analogously as described before for the free PDZ2 (Walma
et al., 2002). Analysis with the program Tensor2 (Dosset et al.,2000) showed that the data should be adequately described by an
isotropic model. Model-free parameters were obtained with the pro-
gram MODELFREE 4.0 (Mandel et al., 1995). Structures were calcu-
lated from experimental NOE-derived distance and TALOS-derived
dihedral restraints (Table 1) by using a Cartesian-space simulated
annealing protocol in XPLOR 3.851 (Bruner, 1996). This yielded 91
out of 200 structures with no distance violations >0.4 A˚. These struc-
tures were then refined in water by a restrained molecular-dynamics
protocol under a CHARMM22 protocol (Spronk et al., 2002). Of
these, the 35 structures with no distance violations >0.4 A˚ were se-
lected to form the final ensemble. Structural statistics were calcu-
lated with the programs PROCHECK-NMR (Laskowski et al., 1996)
and WHAT-IF (Vriend, 1990). The hydrogen-bonding restraints
were determined from characteristic NOE patterns and H/D amide
exchange data. The structures and restraints have been deposited
in the PDB (1VJ6) and in the BMRB (6060), respectively. Figures
1A–1C and 4D were generated with PyMOL (http://pymol.
sourceforge.net/).
Continuous-Flow Instrument Assembly
We built an ultrarapid mixer of similar design and methodology to
that published by Shastry and Roder (Shastry et al., 1998). The
flow cell was purchased from Hellma (Germany). The mixed sample
was illuminated with an A1010B Mercury-Xenon lamp (PTI, UK) at
280 nm, by using a Model 101 Monochromator (PTI, UK). Fluores-
cence was recorded with a Micromax CCD camera (Princeton In-
strument), with a typical exposure time of 1–3 s and employing dif-
ferent emission glass filters. An original pneumatically driven
loading syringe unit was designed. Data were recorded at two differ-
ent pressures, namely 1.2 and 3 bars, leading to linear velocities in
the flow cell of about 8 and 16 m s21, respectively. Instrumental
dead time was determined by fluorescence by using a standard
reaction, the N-acetyl-tryptophanamide fluorescence quenching
by N-bromo-succinimide. A dead time of w50 ms and w100 ms was
determined for the high and low pressure modes, respectively.
Binding Assay
Binding kinetics were monitored by Fo¨rster resonance energy trans-
fer (FRET) between a fluorescence donor (an engineered Trp residue
in homologous positions for the two proteins, namely Y43W for
PDZ2 and F337W for PDZ3; numbers refer to the numbering of the
deposited structures [PDB codes 1GM1 and 1BE9, respectively])
and a dansyl group covalently bound to N termini of the respective
peptides. Due to its higher affinity for PDZ2 compared to the APC
protein (Kozlov et al., 2002), we performed kinetic experiments
with a peptide mimicking the last six residues of the RA-GEF-2 li-
gand (sequence EQVSAV) (Gao et al., 2001). Importantly, the two li-
gands used for kinetic and structural studies on PDZ2 belong to the
same class of recognition motifs; i.e., class I, F-S/T-X-F, where X is
any residue and F is hydrophobic (see Table 1 in Hung and Sheng
[2002]). For PDZ3, we used the peptide KQTSV derived from the C
terminus of the protein CRIPT (Niethammer et al., 1998).
Stopped-Flow Measurements
Experimental limitations regarding expression of the site-directed
variants prohibited ultrarapid experiments with the PDZ2 mutants.
Instead, we used stopped-flow fluorimetry. Single-mixing kinetic-
binding experiments were carried out on Applied Photophysics Pi-
star and SX18.MV stopped-flow instruments (Leatherhead, UK);
the excitation wavelength was 280 nm, and the fluorescence emis-
sion was measured with a 435 nm cut-off glass filter (see Gianni
et al. [2005b]). All experiments for PDZ2 were performed at a con-
stant peptide concentration of 0.3 mM in the presence of 50 mM
phosphate buffer (pH 7.2) at 10C in the presence of 0.4 M
Na2SO4. Stopped-flow experiments with PDZ3 were performed at
a constant peptide concentration of 3 mM in 50 mM phosphate (pH
7.45) 20 mM KCl. See Gianni et al. (2005b) for data analysis. Peptides
were synthesized as previously described (Gianni et al., 2005b).
Supplemental Data
Supplemental Data include one figure showing the Ca-Ca distance
difference plot calculated from the peptide-bound and free PDZ2
structure ensembles and are available online at http://www.
structure.org/cgi/content/full/14/12/1801/DC1/.
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